PLANT FRUIT WITH ELEVATED POTASSIUM LEVELS 



RELATED APPLICATIONS 

[0001] This application claims the benefit of U.S. Provisional Application No. 
60/395,637, filed July 12, 2002, which is incorporated by reference herein in its entirety. 

FIELD OF INVENTION 

[0002] This invention is in the field of agricultural biotechnology. In particular, this 
invention relates to non-naturally occurring plants that produce fruit with elevated 
potassium levels when grown under conditions of elevated salt. 

BACKGROUND OF THE INVENTION 

[0003] Potassium is an important part of the human diet. Potassium in the diet has 
been shown to be beneficial to human health in a number of areas. In a recent study, 
people with the lowest levels of potassium in their diets were found to be 1.5 times more 
likely to suffer from strokes than people with the highest levels (April 13, 1998, Journal 
of Neurology). Increases in potassium levels in people with low potassium diets were 
correlated with lowered blood pressure (July 2001, Journal of Hypertension). 
Furthermore, diuretics may cause a person to lose potassium thus heightening the need 
for additional potassium in the diet. Too little potassium can negatively impact muscle 
tissue, especially the heart. Thus, there is a need to produce foods that have increased 
potassium levels. 

[0004] Salt sensitive plants when grown under elevated salt conditions produce fruit 
with elevated levels of potassium. However, the potassium level falls off near the time of 
harvest and growing salt sensitive plants under elevated salt conditions involves some 
difficulty because the plant will die if the salt levels are too high. By contrast, naturally 
salt tolerant plants grown under elevated salt conditions produce fruit with levels of 
potassium similar to the levels produced in fruit grown under low salt. (Maria C. Bolin, 
et al. Plant Science 160 (2001) 1 153) Thus there is a need for plants that can be grown 
under high salt conditions and yet still produce fruit with elevated levels of potassium. 



1 



[0005] In addition, agricultural productivity is severely affected by soil salinity, and 
the damaging effects of salt accumulation in agricultural soils have influenced ancient 
and modern civilizations. Much research is aimed toward the breeding of crop cultivars 
with improved salt tolerance. One school of thought has concluded that salt tolerance 
will be achieved only after pyramiding several characteristics in a single genotype, where 
each one alone could not confer a significant increase in salt tolerance. (Yeo, et al. 
(1988) and Cuartero, et al. (1999)) (Full citations for the references cited herein are 
found after the Examples.) Arguably, salt tolerance is a complex trait, and the long list of 
salt stress-responsive genes seems to support this. (Zhu (2000)) The detrimental effects 
of salt on plants are a consequence of both a water deficit resulting in osmotic stress and 
the effects of excess sodium ions on key biochemical processes. In order to tolerate high 
levels of salts, plants should be able to utilize ions for osmotic adjustment and to 
internally distribute these ions to keep sodium away from the cytosol. There is thus a 
further need to produce salt tolerant plants. It would be particularly advantageous if the 
salt tolerant plants could produce fruit with elevated potassium levels since potassium is a 
key nutritional element as discussed above 

SUMMARY OF THE INVENTION 

[0006] In order to meet these needs, the present invention is directed to transgenic 
fruit trees, berry plants, vines and vegetables that are able to grow and produce fruit with 
elevated potassium levels in the presence of elevated salt concentrations. In particular, 
the present invention is directed to salt tolerant tomato plants that produce tomatoes with 
elevated potassium levels. 

[0007] In one aspect, the invention is directed to a non-naturally occurring plant or 
plant part from said plant comprising a fruit having increased potassium levels when said 
plant is cultivated under elevated salt conditions. In one variations, the increased 
potassium levels may be at least 10% higher, at least 15% higher, at least 20% higher, at 
least 25% higher, at least 30% higher, at least 35% higher, at least 40% higher, at least 
45% higher, or at least 50% higher. In another variation, the cultivation under elevated 
salt conditions may be cultivation where the elevated salt conditions persist through the 
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entire life cycle of the plant, the germination stage, the vegetative growth stage, the 
flowering stage, the seed embryogenesis stage, the stage of seed ripening, and any 
combination of the foregoing stages. In yet another variation, the fruit may be a flower 
developed fruit, an ovary developed fruit, a tomato, a grape, a strawberry, a peach, or an 
apple. 

[0008] In another aspect, the non-naturally occurring salt tolerant plant comprises a 
transgene. In one variation, the transgene comprises a first nucleic acid sequence 
encoding a Na+/H+ transporter or a plant derived Na+/H+ transporter. In another 
variation, the transgene comprises a first nucleic acid selected from the following group: 
a nucleic acid molecule of the coding strand shown in SEQ ID NO:l, or a complement 
thereof; a nucleic acid molecule encoding the amino acid sequence shown in SEQ ID 
NO:2; a nucleic acid molecule that hybridizes to the sequence set forth in SEQ ID NO:l 
or the complement of the sequence set forth in SEQ ID NO:l under highly stringent 
conditions that include at least one wash in O.lxSSC, 0.1% SDS, at 65° C for thirty 
minutes; and a nucleic acid molecule encoding a plant NHX transporter polypeptide that 
hybridizes to the sequence set forth in SEQ ID NO:l or the complement of the sequence 
set forth in SEQ ID NO:l under moderately stringent conditions that includes at least one 
wash in O.lxSSC, 0.1% SDS, at 50° C for thirty minutes. In still another variation, the 
transgene further comprises a promoter sequence operably linked to the first nucleic acid 
sequence. In yet another variation, the promoter is a constitutive promoter or an 
inducible promoter. In certain variations, the promoter may be selected from the group 
consisting of the 35 S promoter and the CaMV promoter. 

[0009] Another aspect of the present invention is a transgenic tomato comprising a 
first nucleic acid sequence selected from the group consisting of a nucleic acid molecule 
of the coding strand shown in SEQ ID NO:l, or a complement thereof; a nucleic acid 
molecule encoding the amino acid sequence shown in SEQ ID NO:2; a nucleic acid 
molecule that hybridizes to the sequence set forth in SEQ ID NO: 1 or the complement of 
the sequence set forth in SEQ ID NO:l under highly stringent conditions that include at 
least one wash in O.lxSSC, 0.1% SDS, at 65° C for thirty minutes; and a nucleic acid 
molecule encoding a plant NHX transporter polypeptide that hybridizes to the sequence 
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set forth in SEQ ID NO: 1 or the complement of the sequence set forth in SEQ ID NO: 1 
under moderately stringent conditions that includes at least one wash in O.lxSSC, 0.1% 
SDS, at 50° C for thirty minutes. 

[0010] An additional aspect of the present invention is a seed produced from any of 
the foregoing plants and variations thereof. 

[0011] The present invention also includes methods of generating the foregoing. One 
variation includes transfecting a plant with a transcriptional regulatory element and 
identifying salt tolerant plants comprising a fruit having increased potassium levels when 
said plant is cultivated under elevated salt conditions. In another variation, plants are 
transfected with a transcriptional regulatory element and identifying a plant wherein said 
transcriptional regulatory element has integrated operably linked to a Na+/H+ transporter. 
In yet another variation, the transcriptional regulatory element is a promoter, an enhancer 
element, a repressor element or a boundary element. In one variation, plants are 
transfected with a transgene comprising a Na+/H+ transporter and a salt tolerant plant 
comprising a fruit having increased potassium levels when said plant is cultivated under 
elevated salt conditions is identified. In one variation, the Na+/H+ transporter gene is 
selected from the group consisting of a nucleic acid molecule of the coding strand shown 
in SEQ ID NO:l, or a complement thereof; a nucleic acid molecule encoding the amino 
acid sequence shown in SEQ ID NO:2; a nucleic acid molecule that hybridizes to the 
sequence set forth in SEQ ID NO:l or the complement of the sequence set forth in SEQ 
ID NO:l under highly stringent conditions that include at least one wash in O.lxSSC, 
0.1% SDS, at 65° C for thirty minutes; and a nucleic acid molecule encoding a plant 
NHX transporter polypeptide that hybridizes to the sequence set forth in SEQ ID NO:l or 
the complement of the sequence set forth in SEQ ID NO:l under moderately stringent 
conditions that includes at least one wash in O.lxSSC, 0.1% SDS, at 50° C for thirty 
minutes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] Figure 1 . Salt tolerance of wild-type tomato plants and transgenic plants 
overexpressing AtNHXl grown in the presence of 200 mM NaCl. (A) wild-type plants 
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grown in the presence of 5 mM NaCl. (B) transgenic plants overexpressing AtNHXl, 
grown in the presence of 5 mM NaCl. (C) Western blots from leaf membrane proteins (5 
|ig) tested with antibodies raised against AtNHXl. U pper panel : Lanes 1 and 4, 
tonoplast-enriched fraction; lanes 2 and 5, Golgi/ER-enriched fractions; 3 and 6, plasma 
membrane fraction. Lanes 1,2,3 correspond to membranes from wild-type plants while 
lanes 4,5,6 correspond to membranes from transgenic plants. Relative molecular masses 
are indicated on the left; lower panel : Enrichment of the fractions with tonoplast 
membranes was assessed with antibodies raised against the vacuolar H^-PPjase. (D) 
wild-type plants grown in the presence of 200 mM NaCl. (E)) transgenic plants 
overexpressing AtNHXl, grown in the presence of 200 mM NaCl. Plants shown after 1 1 
weeks of growth. 

[0013] Bar = 25 cm. 

[0014] Figure 2. Na + /H + exchange activity in leaf tonoplast vesicles Membrane 
fractions were purified from leaves using the method described with the modifications 
described. (Blumwald, et al. (1985) and Apse, et al. (1999)) At the indicated times, the 
vacuolar H + -PPiase was activated by the addition of Mg 2+ . When a steady-state pH 
gradient (acidic inside) was formed, the PPj-dependent H* transport activity was stopped 
by the addition of AMDP and the rates of cation/H + exchange were determined in 
vesicles isolated from wild-type plants (WT) and transgenic plants overexpressing 
AtNHXl (XlOE). (A) Na + -dependent H + exchange, (B) Independent H + exchange. 
The addition of monensin (mon), an artificial Na + /H + antiport, or nigericin (nig), an 
artificial K + /H + antiport, abolished the pH gradient and the fluorescence was fully 
recovered. The figure shows a typical recording. 

[0015] Figure 3. Ion, sugar, and proline contents of wild-type and transgenic plants 
grown at different salt concentrations. Wild-type (hatched line bars) and transgenic 
plants (cross-hatched line bars) grown in the presence of 5 mM NaCl. Two independent 
transgenic lines (black and white bars) grown in the presence of 200 mM NaCl. (A) Na + 
contents; (B) K + contents; (C) Cl — contents; (D) soluble sugar contents; (E) proline 
contents. For each determination, leaves, roots and fruits from ten plants were collected 
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from each hydroponic tank and pooled. Values are the Mean ± S.D. from material 
collected from three hydroponic tanks (n = 3). 

[0016] Figure 4. Fruits from wild-type and transgenic plants. (A) tomato fruits from 
wild-type plants; (B) tomato fruits from transgenic plants. (C) Western blots from fruit 
tonoplast proteins (5 jag) tested with antibodies raised against AtNHXl. Wild-type plants 
grown in the presence of 5 mM NaCl (lane 1). Two independent transgenic lines grown 
in the presence of 200 mM NaCl (lanes 2 and 3). 

DETAILED DESCRIPTION OF THE INVENTION 

[0017] The present invention provides a non-naturally occurring fruit or vegetable 
producing plant that is characterized by producing fruit of increased potassium content. 
A preferred method of making such fruit or vegetable producing plant is to ectopically 
express a nucleic acid molecule encoding an NHX related gene product and cultivate the 
plant under elevated salt conditions. The NHX related gene product can have, for 
example, substantially the amino acid sequence of an NHX ortholog such as those 
described in Table II. 

[0018] In one embodiment, the invention provides a transgenic fruit or vegetable 
producing plant characterized by producing fruit of elevated potassium content. A 
preferred method of producing such plant is by ectopic expression of an exogenous 
nucleic acid molecule encoding an NHX-related gene product. The nucleic acid 
molecule encoding the NHX-related gene product can be operatively linked to an 
exogenous regulatory element such as a constitutive regulatory element or a root, leaf or 
fruit-selective regulatory element. 

[0019] The present invention is directed to the surprising discovery that NHX-1 
regulates potassium levels in plant fruit. As disclosed herein, transgenic tomato plants 
over expressing an AtNHXl were able to grow, flower and produce fruit with elevated 
potassium levels in the presence of 200 mM NaCl. 

[0020] As further disclosed herein, overexpression of AtNHXl in tomato results in 
the production of fruit having elevated potassium levels as compared to the fruit 
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produced by wild type tomato. As set forth in the Example constitutive expression of 
NHX1 under control of a 35S promoter resulted in fruit having potassium levels about 
120% the amount of potassium produced in fruit of wild type plants. In view of the 
isolation of NHX orthologs, as detailed in Table 2, the skilled artisan will recognize that 
an NHX related gene product, such as an ortholog of NHX, can also be used in the 
methods of the present invention, for example, to produce transgenic plants having the 
characteristics disclosed herein. Thus, the invention provides a non-naturally occurring 
fruit or vegetable and plants capable of producing the same such as a transgenic tomato 
plant, characterized by producing fruit with elevated potassium levels due to ectopic 
expression of a nucleic acid molecule encoding an NHX related gene product. 

[0021] The term "plant fruit," when used herein, refers to both the ovary developed 
fruit and the flower developed fruit. An "ovary developed fruit" is the developed ovary 
of a seed plant with its contents and accessory parts, as the pea pod, nut, tomato, 
pineapple, etc. A "flower developed fruit" is the edible part of a plant developed from a 
flower with any accessory tissues, as the peach, mulberry, banana, etc. 

[0022] The term "elevated salt conditions," when used herein, refers to a salinity 
level above the highest level at which a naturally occurring plant variety can thrive and 
produce fruit. It is recognized that the salt tolerance of plants varies between varieties. 
As used herein, the naturally occurring plant variety is understood to be the same plant 
variety as the non-naturally occurring plant variety but for the human introduced change. 
One of skill in the art understands that there can be natural variation in the salt tolerance 
of fruit producing plants even within a variety. Thus, elevated salt conditions are those 
conditions above which none of a particular variety can thrive and produce fruit. 
Determination of elevated salt conditions is routine and in many cases for commercially 
relevant crop already known. 

[0023] As used herein, the term "non-naturally occurring," when used in reference to 
a fruit or vegetable producing plant, means a seed plant that has been genetically 
modified by human intervention. A transgenic fruit or vegetable producing plant of the 
invention, for example, is a non-naturally occurring plant that contains an exogenous 
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nucleic acid molecule, such as a nucleic acid molecule encoding an NHX related gene 
product and, therefore, has been genetically modified by human intervention. In addition, 
a seed plant that contains, for example, a mutation in an endogenous NHX related gene 
product regulatory element or coding sequence as a result of calculated exposure to a 
mutagenic agent, such as a chemical mutagen, or an "insertional mutagen," such as a 
transposon, also is considered a non-naturally occurring seed plant, since it has been 
genetically modified by human intervention. Furthermore, a plant generated by cross 
breeding different strains and varieties are also considered a "non-naturally occurring 
plant," because the selection and breeding is performed by human intervention. In 
contrast, a plant containing only spontaneous or naturally occurring mutations is not a 
"non-naturally occurring fruit or vegetable producing plant" as defined herein and, 
therefore, is not encompassed within the invention. One skilled in the art understands 
that, while a non-naturally occurring plant typically has a nucleotide sequence that is 
altered as compared to a similar naturally occurring seed plant, a non-naturally occurring 
plant also can be genetically modified by human intervention without altering its 
nucleotide sequence, for example, by modifying its methylation pattern. 

[0024] Based upon the above definitions, it will be clear that a "non-naturally 
occurring salt tolerant plant" is a plant variety that has been genetically modified by 
human intervention and is capable of thriving and producing fruit at elevated salt 
conditions, i.e., at a salinity level above which a naturally occurring plant of the same 
variety cannot thrive and produce fruit. 

[0025] The term "ectopically," as used herein in reference to expression of a nucleic 
acid molecule, refers to an expression pattern in a non-naturally occurring plant that is 
distinct from the expression pattern in a comparable naturally occurring plant. Thus, one 
skilled in the art understands that ectopic expression of a nucleic acid molecule encoding 
an NHX-related gene product can refer to expression in a cell type other than a cell type 
in which the nucleic acid molecule normally is expressed, or at a time other than a time at 
which the nucleic acid molecule normally is expressed, or at a level other than the level at 
which the nucleic acid molecule normally is expressed. For example, under control of a 
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constitutive promoter such as the cauliflower mosaic virus 35S promoter, NHX-1 is 
expressed in the leaves, thus, is ectopically expressed. 

[0026] The term "non-halophyte," as used herein means a plant that is not naturally 
morphologically and/or physiologically adapted to grow in salt rich soils or salt laden air. 
A non-halophyte is a plant variety that has a relative yield decrease of 50 % or more at 
200 mM NaCl (the equivalent of about 20 dS/m) when compared to the plant variety 
grown at optimal salinity levels which are below 200 mM NaCl. The invention is 
suitable for even more salt sensitive plant varieties which have a relative yield decrease 
of 50% or more at 180 mM NaCl, 160 mM NaCl, 140 mM NaCl, 120 mM NaCl, 100 
mM NaCl or 80 mM NaCl. Table TV lists the relative yield decrease for various non- 
halophyte crop plants. 

[0027] The term "saline-intolerant plants" as used herein means a plant variety that 
cannot complete its life cycle in growth media containing a salinity level above 200 mM 
NaCl. The invention is suitable for even more highly saline-intolerant plant varieties that 
cannot complete their life cycle in growth media containing a salinity level above 180 
mM NaCl, 160 mM NaCl, 140 mM NaCl, 120 mM NaCl, 100 mM NaCl and even 7 mM 
NaCl. 

Increased Potassium Levels 

[0028] The term "increased potassium levels," as used herein in reference to a fruit or 
vegetable produced by a non-naturally occurring berry plant or bush, fruit or vegetable 
producing plant varieties of the invention, means higher potassium levels when grown at 
elevated salt conditions as compared to the potassium levels of fruit or vegetables 
produced by a corresponding plant variety lacking a genetic modification introduced by 
human intervention such as an ectopically expressed nucleic acid molecule encoding an 
NHX related gene product such as a wild type plant. As disclosed herein in the Example, 
the seeds from a transgenic tomato plant ectopically expressing NHX-1 produce fruit that 
have potassium levels exhibiting almost 120% of the potassium levels of fruit produced 
from wild type tomato plants when grown under 200 mM NaCl. 
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[0029] It is recognized that there can be natural variation in the potassium levels of 
fruit or vegetables produced by a particular plant species or variety. However, fruit of 
increased potassium levels produced by a plant using a method of the invention readily 
can be identified by sampling a population of the produced fruit or vegetables and 
determining that the normal potassium distribution of fruit or vegetable is greater, on 
average, than the normal distribution of fruit or vegetables produced by the 
corresponding plant variety or species lacking a genetic modification introduced by 
human intervention such as an ectopically expressed nucleic acid molecule encoding an 
NHX related gene product. Thus, production of non-naturally occurring plants of the 
invention provides a means to skew the normal distribution of fruit or vegetable 
potassium levels produced by a plant, such that the fruit or vegetable potassium levels 
are, on average, at least about 5% greater, 10% greater, 15% greater, 20% greater, 25% 
greater, 30% greater, 50% greater, 75% greater, 100% greater, 200% greater, 300% 
greater, 400% greater or 500% greater than in the corresponding plant species that does 
not contain a genetic modification introduced by human intervention such as an 
ectopically expressed nucleic acid molecule encoding an NHX related gene product. 

[0030] As used herein, the term "NHX-related gene product' ' means a gene product 
that has the same or similar function as At NHX-1 such that, when ectopically expressed 
in a plant, normal development is altered such that fruit or vegetables of increased 
potassium levels are produced. Arabidopsis NHX-1 is an example of an NHX related 
gene product as defined herein. 

[0031] An NHX related gene product generally is characterized, in part, as containing 
a putative cation binding domain and an amiloride binding domain. An NHX-1 related 
gene product also generally is characterized by having an amino acid sequence that has at 
least about 40% amino acid identity with the amino acid sequence of Arabidopsis NHX- 
1 . An NHX related gene product can have, for example, an amino acid sequence with 
greater than about 45% amino acid sequence identity with Arabidopsis NHX-1, 
preferably greater than about 50% amino acid identity with Arabidopsis NHX-1, 
preferably greater than about 55% amino acid sequence identity with Arabidopsis NHX- 
1, preferably greater than about 60% amino acid identity with Arabidopsis NHX-1, 
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preferably greater than about 65% amino acid sequence identity with Arabidopsis NHX- 
1, preferably greater than about 75% amino acid identity with Arabidopsis NHX-1, more 
preferably greater than about 85% amino acid identity with Arabidopsis NHX-1, and can 
be a sequence having greater than about 90%, 95% or 97% amino acid identity with 
Arabidopsis NHX-1 . 

[0032] Preferably, an NHX-related gene product is orthologous to the plant species in 
which it is ectopically expressed. A nucleic acid molecule encoding tomato NHX, for 
example, can be ectopically expressed in a tomato plant to produce a non-naturally 
occurring tomato variety characterized by producing tomatoes with increased potassium 
levels. Similarly, a nucleic acid molecule encoding fruit tree NHX, for example, can be 
ectopically expressed in a fruit tree to produce a non-naturally occurring fruit tree 
characterized by producing fruit with increased potassium levels. 

[0033] A nucleic acid molecule encoding an NHX-related gene product also can be 
ectopically expressed in a heterologous plant to produce a non-naturally occurring plant 
characterized by producing fruit with elevated potassium levels. NHX proteins have 
been cloned from a number of plant species (including Arabidopsis, tomato, sugar beets, 
petunia, rice, etc), indicating that they are widely conserved throughout the plant species. 
NHX-related gene products such as NHX orthologs also can be conserved and can 
function across species boundaries to produce fruit with increased potassium levels. 
Thus, ectopic expression of a nucleic acid molecule encoding an NHX-related gene 
product in a heterologous plant can alter fruit potassium levels. Furthermore, a nucleic 
acid molecule encoding an NHX-related gene product, for example, can be ectopically 
expressed in more distantly related heterologous plants, including dicotyledonous and 
monocotyledonous angiosperms and gymnosperms, fruit trees, berry plants and vines 
and, upon ectopic expression, can alter fruit potassium levels. 

[0034] As used herein, the term "NHX-related gene product" encompasses an active 
segment of an NHX-related gene product, which is a polypeptide portion of an NHX- 
related gene product that, when ectopically expressed, increases fruit potassium levels. 
An active segment can be, for example, an amino terminal, internal or carboxy terminal 
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fragment of Arabidopsis NHX-1 that, when ectopically expressed in a plant, produces 
fruit with elevated potassium levels. The skilled artisan will recognize that a nucleic acid 
molecule encoding an active segment of an NHX-related gene product can be used to 
generate a plant of the invention characterized by producing fruit with elevated potassium 
levels and in the related methods and kits of the invention described further below. 

[0035] An active segment of an NHX-related gene product can be identified using the 
methods described in the Example or using other routine methodology. Briefly, a seed 
plant such as tomato can be transformed with a nucleic acid molecule under control of a 
constitutive regulatory element such as a tandem CaMV 35S promoter. Biochemical 
analysis of the plant reveals , whether a seed plant ectopically expressing a particular 
polypeptide portion produces fruit with elevated potassium levels. For analysis of a large 
number of polypeptide portions of an NHX-related gene product, nucleic acid molecules 
encoding the polypeptide portions can be assayed in pools, and active pools subsequently 
subdivided to identify the active nucleic acid molecule. 

[0036] In one embodiment, the invention provides a non-naturally occurring seed 
plant that is characterized by producing fruit with elevated potassium levels due to 
ectopic expression of a nucleic acid molecule encoding an NHX-related gene product 
having substantially the amino acid sequence of an NHX ortholog. As used herein, the 
term "NHX ortholog" means an ortholog of Arabidopsis NHX-1 and refers to an NHX- 
related gene product that, in a particular plant variety, has the highest percentage 
homology at the amino acid level to Arabidopsis NHX-1 . An NHX-1 ortholog can be, 
for example the NHX-1 orthologs described in Table 2. Novel NHX ortholog cDNAs 
can be isolated from additional plant species using a nucleotide sequence as a probe and 
methods well known in the art of molecular biology (Glick and Thompson (eds.), 
Methods in Plant Molecular Biology and Biotechnology, Boca Raton, Fla.: CRC Press 
(1993); Sambrook et al. (eds.), Molecular Cloning: A Laboratory Manual (Second 
Edition), Plainview, N.Y. : Cold Spring Harbor Laboratory Press (1989), each of which is 
incorporated herein by reference). 
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[0037] As used herein, the term "substantially the amino acid sequence," when used 
in reference to an NHX ortholog, is intended to mean a polypeptide or polypeptide 
segment having an identical amino acid sequence, or a polypeptide or polypeptide 
segment having a similar, non-identical sequence that is considered by those skilled in the 
art to be a functionally equivalent amino acid sequence. For example, an NHX-related 
gene product having substantially the amino acid sequence of Arabidopsis NHX-1 can 
have an amino acid sequence identical to the sequence of Arabidopsis NHX-1, or a 
similar, non-identical sequence that is functionally equivalent. In particular, a gene 
product that has "substantially the amino acid sequence" of an NHX ortholog can have 
one or more modifications such as amino acid additions, deletions or substitutions, 
including conservative or non-conservation substitutions, relative to the NHX-1 amino 
acid sequence, for example, provided that the modified polypeptide retains substantially 
the ability to increase fruit potassium levels when the nucleic acid molecule is ectopically 
expressed in the plant. Comparison of sequences for substantial similarity can be 
performed between two sequences of any length and usually is performed with sequences 
between about 6 and 1200 residues, preferably between about 10 and 100 residues and 
more preferably between about 25 and 35 residues. Such comparisons for substantial 
similarity are performed using methodology routine in the art. 

[0038] The preferred percentage of sequence similarity for sequences of NHX 
orthologs includes nucleotide sequences having at least about: 48% similarity to SEQ ID 
NO:l. The similarity may also be at least about: 60% similarity, 75% similarity, 80% 
similarity, 90% similarity, 95% similarity, 97% similarity, 98% similarity, 99% 
similarity, or more preferably at least about 99.5% similarity, wherein the polypeptide 
has Na+/H+ transporter activity. The invention also includes salt tolerant plants made by 
transgenic expression of nucleic acid molecules encoding polypeptides, with the 
polypeptides having at least about: at least about: 48% similarity to SEQ ID NO:2. The 
similarity may also be at least about: 60% similarity, 75% similarity, 80% similarity, 90% 
similarity, 95% similarity, 97% similarity, 98% similarity, 99% similarity, or more 
preferably at least about 99.5% similarity, wherein the polypeptide Na+/H+ has 
transporter activity, to SEQ ID NO:2 (or a partial sequence thereof) considering 
conservative amino acid changes, wherein the polypeptide has Na+/H+ transporter 
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activity. Sequence similarity is preferably calculated as the number of similar amino 
acids in a pairwise alignment expressed as a percentage of the shorter of the two 
sequences in the alignment. The pairwise alignment is preferably constructed using the 
Clustal W program, using the following parameter settings: fixed gap penalty=10, 
floating gap penalty=10, protein weight matrix=BLOSUM62. Similar amino acids in a 
pairwise alignment are those pairs of amino acids which have positive alignment scores 
defined in the preferred protein weight matrix (BLOSUM62). The protein weight matrix 
BLOSUM62 is considered appropriate for the comparisons described here by those 
skilled in the art of bioinformatics. (The reference for the clustal w program (algorithm) 
is Thompson, J.D., Higgins, D.G. and Gibson, TJ. (1994) CLUSTAL W: improving the 
sensitivity of progressive multiple sequence alignment through sequence weighting, 
positions-specific gap penalties and weight matrix choice. Nucleic Acids Research, 
22:4673-4680; and the reference for BLOSUM62 scoring matrix is Henikoff, S. and 
Henikoff, J.G. (1993) Performance evaluation of amino acid substitution matrices. 
Proteins, 7:49-61.) 

[0039] It is understood that minor modifications of primary amino acid sequence can 
result in an NHX-related gene product that has substantially equivalent or enhanced 
function as compared to the NHX ortholog from which it was derived. Further, various 
molecules can be attached to an NHX ortholog or active segment thereof, for example, 
other polypeptides, antigenic or other peptide tags, carbohydrates, lipids, or chemical 
moieties. Such modifications are included within the term NHX ortholog as defined 
herein. 

[0040] One or more point mutations can be introduced into a nucleic acid molecule 
encoding an NHX ortholog to yield a modified nucleic acid molecule using, for example, 
site-directed mutagenesis (see Wu (Ed.), Meth. In Enzymol. Vol. 217, San Diego: 
Academic Press (1993); Higuchi, "Recombinant PCR" in Innis et al. (Ed.), PCR 
Protocols, San Diego: Academic Press, Inc. (1990), each of which is incorporated herein 
by reference). Such mutagenesis can be used to introduce a specific, desired amino acid 
insertion, deletion or substitution; alternatively, a nucleic acid sequence can be 
synthesized having random nucleotides at one or more predetermined positions to 
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generate random amino acid substitutions. Scanning mutagenesis also can be useful in 
generating a modified nucleic acid molecule encoding substantially the amino acid 
sequence of an NHX ortholog. 

[0041] Modified nucleic acid molecules can be routinely assayed for the ability to 
alter normal plant development such that fruit with elevated potassium levels are 
produced. For example, a nucleic acid molecule encoding substantially the amino acid 
sequence of an NHX ortholog can be ectopically expressed, for example, using a 
constitutive regulatory element such as the CaMV 35S promoter or using a tissue-specific 
regulatory element such as a fruit-selective regulatory element as described further 
below. If such ectopic expression results in a plant in which fruit or vegetables of 
elevated potassium levels are produced, the modified polypeptide or segment is an "NHX 
ortholog" as defined herein. 

[0042] Other functional equivalent forms of the NHX-related gene product encoding 
nucleic acids can be identified using conventional DNA-DNA or DNA-RNA 
hybridization techniques. These nucleic acid molecules and the AtNHX sequences can be 
modified without significantly affecting their activity. 

[0043] The plants of the present invention may therefore also be made by generating 
transgenic plants containing nucleic acid molecules that hybridize to one SEQ ID NO:l 
or their complementary sequences, and that encode expression for peptides or 
polypeptides exhibiting substantially equivalent activity as that of an AtNHX polypeptide 
produced by SEQ ID NO:l or their variants. Such nucleic acid molecules preferably 
hybridize to the sequences under low, moderate (intermediate), or high stringency 
conditions, (see Sambrook et al. (Most recent edition) Molecular Cloning: A Laboratory 
Manual, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.). 

[0044] As used herein, the phrase "low stringency hybridization conditions" refers 
the following conditions and equivalents thereto: hybridization at 5xSSC, 2% SDS, and 
100 /ig/ml single stranded DNA at 40° C for 8 hours, followed by at least one wash in 
2xSSC, 0.2% SDS, at 40° C for thirty minutes. 
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[0045] As used herein, the phrase "moderate stringency hybridization conditions" 
refers the following conditions and equivalents thereto: hybridization at 5xSSC, 2% SDS, 
and 100 ng/ml single stranded DNA at 50° C for 8 hours, followed by at least one wash 
in O.lxSSC, 0.1% SDS, at 50° C for thirty minutes. 

[0046] As used herein, the phrase "high stringency hybridization conditions" refers 
the following conditions and equivalents thereto: hybridization at SxSSC, 2% SDS, and 
100 /ig/ml single stranded DNA at 65° C for 8 hours, followed by at least one wash in 
O.lxSSC, 0.1% SDS, at 65° C for thirty minutes. 

[0047] A non-naturally occurring plant of the invention that is characterized by 
producing fruit with elevated potassium levels can be one of a variety of plant species, 
including a monocotyledonous or dicotyledonous angiosperm or a gymnosperm. 

[0048] The invention also provides a transgenic plant that is characterized by 
producing fruit with elevated potassium levels. A preferred method of making such a 
transgenic plant is by ectopic expression of an exogenous nucleic acid molecule encoding 
an NHX-related gene product. In a transgenic plant of the invention, the ectopically 
expressed exogenous nucleic acid molecule encoding an NHX-related gene product can 
be operatively linked to an exogenous regulatory element. In one embodiment, the 
invention provides a transgenic plant characterized by producing fruit with elevated 
potassium levels having an ectopically expressed exogenous nucleic acid molecule 
encoding an NHX-related gene product that is operatively linked to a constitutive 
regulatory element. The invention provides, for example, a transgenic plant that is 
characterized by producing fruit with elevated potassium levels due to ectopic expression 
of an exogenous nucleic acid molecule encoding substantially the amino acid sequence of 
an NHX ortholog operatively linked to a cauliflower mosaic virus 35S promoter. 

[0049] In another embodiment, an exogenous constitutive or inducible regulatory 
element may be introduced to the plant such that the exogenous regulatory element is 
operably linked to an endogenous gene and alters the expression pattern of the gene in a 
manner that elevates the potassium level in the fruit. One example of this would be to 
transfect a plant with the cauliflower mosaic virus 35S promoter such that the promoter 



16 



integrates in a way that it is operably linked to one of the plant's endogenous NHX- 
related genes. 

[0050] In yet another embodiment, an exogenous NHX-related gene may be 
introduced to the plant such that the exogenous NHX-related gene is operably linked to 
an endogenous regulatory element which directs the expression of the gene in a manner 
that elevates the potassium level in the fruit. 

[0051] Yet another embodiment is to transfect a plant with an NHX-related gene with 
out a promoter in such a way that it integrates operably linked to an endogenous promoter 
in the plant. One example of this would be to transfect a plant with the atNHXl gene 
such that the gene integrates in a way that it is operably linked to one of the plant's 
endogenous strong promoters. 

[0052] As used herein, the term "transgenic" refers to a seed plant that contains an 
exogenous nucleic acid molecule, which can be derived from the same plant species or 
from a heterologous plant species. 

[0053] The term "exogenous," as used herein in reference to a nucleic acid molecule 
and a transgenic plant, means a nucleic acid molecule originating from outside the plant. 
An exogenous nucleic acid molecule can have a naturally occurring or non-naturally 
occurring nucleotide sequence. One skilled in the art understands that an exogenous 
nucleic acid molecule can be a heterologous nucleic acid molecule derived from a 
different plant species than the plant into which the nucleic acid molecule is introduced or 
can be a nucleic acid molecule derived from the same plant species as the seed plant into 
which it is introduced. 

[0054] The term "operatively linked," as used in reference to a regulatory element 
and a nucleic acid molecule, such as a nucleic acid molecule encoding an NHX-related 
gene product, means that the regulatory element confers regulated expression upon the 
operatively linked nucleic acid molecule. Thus, the term "operatively linked," as used in 
reference to an exogenous regulatory element such as a constitutive regulatory element 
and a nucleic acid molecule encoding an NHX-related gene product, means that the 
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constitutive regulatory element is linked to the nucleic acid molecule encoding an NHX- 
related gene product such that the expression pattern of the constitutive regulatory 
element is conferred upon the nucleic acid molecule encoding the NHX-related gene 
product. It is recognized that a regulatory element and a nucleic acid molecule that are 
operatively linked have, at a minimum, all elements essential for transcription, including, 
for example, a TATA box. 

Constitutive Regulatory Elements 

[0055] As used herein, the term "constitutive regulatory element" means a regulatory 
element that confers a level of expression upon an operatively linked nucleic molecule 
that is relatively independent of the cell or tissue type in which the constitutive regulatory 
element is expressed. A constitutive regulatory element that is expressed in a plant 
generally is widely expressed in a large number of cell and tissue types. 

[0056] A variety of constitutive regulatory elements useful for ectopic expression in a 
transgenic plant of the invention are well known in the art. The cauliflower mosaic virus 
35 S (CaMV 35S) promoter, for example, is a well-characterized constitutive regulatory 
element that produces a high level of expression in all plant tissues (Odell et al., Nature 
313:810-812 (1985)). The CaMV 35S promoter can be particularly useful due to its 
activity in numerous diverse plant species (Benfey and Chua, Science 250:959-966 
(1990); Futterer et al., Physiol. Plant 79:154 (1990); Odell et al., supra, 1985). A tandem 
35S promoter, in which the intrinsic promoter element has been duplicated, confers 
higher expression levels in comparison to the unmodified 35S promoter (Kay et al., 
Science 236:1299 (1987)). Other constitutive regulatory elements useful for ectopically 
expressing a nucleic acid molecule encoding an NHX-related gene product in a 
transgenic seed plant of the invention include, for example, the cauliflower mosaic virus 
19S promoter; the Figwort mosaic virus promoter; and the nopaline synthase (nos) gene 
promoter (Singer et al, Plant Mol. Biol. 14:433 (1990); An, Plant Physiol. 81:86 (1986)). 

[0057] Additional constitutive regulatory elements including those for efficient 
ectopic expression in monocots also are known in the art, for example, the pEmu 
promoter and promoters based on the rice Actin-1 5' region (Last et al., Theor. Appl. 
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Genet. 81:581 (1991); Mcelroy et al., Mol. Gen. Genet. 231:150 (1991); Mcelroy et al., 
Plant Cell 2:163 (1990)). Chimeric regulatory elements, which combine elements from 
different genes, also can be useful for ectopically expressing a nucleic acid molecule 
encoding an NHX-related gene product (Comai et al., Plant Mol. Biol. 15:373 (1990)). 
One skilled in the art understands that a particular constitutive regulatory element is 
chosen based, in part, on the plant species in which a nucleic acid molecule encoding an 
NHX-related gene product is to be ectopically expressed and on the desired level of 
expression. 

[0058] An exogenous regulatory element useful in a transgenic plant of the invention 
also can be an inducible regulatory element, which is a regulatory element that confers 
conditional expression upon an operatively linked nucleic acid molecule, where 
expression of the operatively linked nucleic acid molecule is increased in the presence of 
a particular inducing agent or stimulus as compared to expression of the nucleic acid 
molecule in the absence of the inducing agent or stimulus. Particularly useful inducible 
regulatory elements include copper-inducible regulatory elements (Mett et al., Proc. Natl. 
Acad. Sci. USA 90:4567-4571 (1993); Furst et al., Cell 55:705-717 (1988)); tetracycline 
and chlor-tetracycline-inducible regulatory elements (Gatz et al., Plant J. 2:397-404 
(1992); Roder et al., Mol. Gen. Genet. 243:32-38 (1994); Gatz, Meth. Cell Biol. 50:41 1- 
424 (1995)); ecdysone inducible regulatory elements (Christopherson et al., Proc. Natl. 
Acad. Sci. USA 89:6314-6318 (1992); Kreutzweiser et al., Ecotoxicol. Environ. Safety 
28:14-24 (1994)); heat shock inducible regulatory elements (Takahashi et al., Plant 
Physiol. 99:383-390 (1992); Yabe et al., Plant Cell Physiol. 35:1207-1219 (1994); Ueda 
et al., Mol. Gen. Genet. 250:533-539 (1996)); and lac operon elements, which are used in 
combination with a constitutively expressed lac repressor to confer, for example, IPTG- 
inducible expression (Wilde et al., EMBO J. 11:1251-1259 (1992)). 

[0059] An inducible regulatory element useful in the transgenic seed plants of the 
invention also can be, for example, a nitrate-inducible promoter derived from the spinach 
nitrite reductase gene (Back et al., Plant Mol. Biol. 17:9 (1991)) or a light-inducible 
promoter, such as that associated with the small subunit of RuBP carboxylase or the 
LHCP gene families (Feinbaum et al, Mol. Gen. Genet. 226:449 (1991); Lam and Chua, 
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Science 248:471 (1990)). Additional inducible regulatory elements include salicylic acid 
inducible regulatory elements (Uknes et al., Plant Cell 5:159-169 (1993); Bi et al., Plant 
J. 8:235-245 (1995)); plant hormone-inducible regulatory elements (Yamaguchi- 
Shinozaki et al., Plant Mol. Biol. 15:905 (1990); Kares et al., Plant Mol. Biol. 15:225 

(1990) ); and human hormone-inducible regulatory elements such as the human 
glucocorticoid response element (Schena et al., Proc. Natl. Acad. Sci. USA 88:10421 

(1991) ). 

[0060] It should be recognized that a non-naturally occurring plant of the invention, 
which contains an ectopically expressed nucleic acid molecule encoding an NHX-related 
gene product, also can contain one or more additional modifications, including naturally 
and non-naturally occurring mutations that can, for example, increase fruit potassium 
levels. 

[0061] The invention further provides a method of producing a non-naturally 
occurring plant characterized by producing fruit with elevated potassium levels. One 
method is practiced by ectopically expressing a nucleic acid molecule encoding an NHX- 
related gene product in the plant, whereby fruit potassium levels are increased due to 
ectopic expression of the nucleic acid molecule. In one embodiment, the method is 
practiced by introducing an exogenous nucleic acid molecule encoding an NHX-related 
gene product into the plant. 

[0062] As discussed above, the term "ectopically" refers to expression of a nucleic 
acid molecule encoding an NHX-related gene product in a cell type other than a cell type 
in which the nucleic acid molecule is normally expressed, at a time other than a time at 
which the nucleic acid molecule is normally expressed or at an expression level other 
than the level at which the nucleic acid molecule normally is expressed. 

[0063] Actual ectopic expression of an NHX-related gene product is dependent on 
various factors. The ectopic expression can be widespread expression throughout most or 
all plant tissues or can be expression restricted to a small number of plant tissues, and can 
be achieved by a variety of routine techniques. Mutagenesis, including seed or pollen 
mutagenesis, can be used to generate a non-naturally occurring seed plant, in which a 



20 



nucleic acid molecule encoding an NHX-related gene product is ectopically expressed. 
Ethylmethane sulfonate (EMS) mutagenesis, transposon mediated mutagenesis or T- 
DNA mediated mutagenesis also can be useful in ectopically expressing an NHX-related 
gene product to produce a seed plant that produces seeds of increased size (see, generally, 
Glick and Thompson, supra, 1993). While not wishing to be bound by any particular 
mechanism, ectopic expression in a mutagenized plant can result from inactivation of one 
or more negative regulators of NHX, for example. 

[0064] Ectopic expression of an NHX-related gene product also can be achieved by 
expression of a nucleic acid molecule encoding an NHX-related gene product from a 
heterologous regulatory element or from a modified variant of its own promoter. 
Heterologous regulatory elements include constitutive regulatory elements, which result 
in expression of the NHX-related gene product in the fruit as well as in a variety of other 
cell types, and seed-selective regulatory elements, which produce selective expression of 
an NHX-related gene product in a limited number of plant tissues, including one or more 
fruit tissues. 

[0065] Ectopic expression of a nucleic acid molecule encoding an NHX-related gene 
product can be achieved using an endogenous or exogenous nucleic acid molecule 
encoding an NHX-related gene product. A recombinant exogenous nucleic acid molecule 
can contain a heterologous regulatory element that is operatively linked to a nucleic acid 
sequence encoding an NHX-related gene product. Methods for producing the desired 
recombinant nucleic acid molecule under control of a heterologous regulatory element 
and for producing a non-naturally occurring plant of the invention are well known in the 
art (see, generally, Sambrook et al., supra, 1989; Glick and Thompson, supra, 1993). 

Transformation 

[0066] An exogenous nucleic acid molecule can be introduced into a plant for ectopic 
expression using a variety of transformation methodologies including Agrobacterium- 
mediated transformation and direct gene transfer methods such as electroporation and 
microprojectile-mediated transformation (see, generally, Wang et al. (eds), 
Transformation of Plants and Soil Microorganisms, Cambridge, UK: University Press 
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(1995), which is incorporated herein by reference). Transformation methods based upon 
the soil bacterium Agrobacterium tumefaciens are particularly useful for introducing an 
exogenous nucleic acid molecule into a seed plant. The wild type form of Agrobacterium 
contains a Ti (tumor-inducing) plasmid that directs production of tumorigenic crown gall 
growth on host plants. Transfer of the tumor-inducing T-DNA region of the Ti plasmid 
to a plant genome requires the Ti plasmid-encoded virulence genes as well as T-DNA 
borders, which are a set of direct DNA repeats that delineate the region to be transferred. 
An Agrobacterium-based vector is a modified form of a Ti plasmid, in which the tumor 
inducing functions are replaced by the nucleic acid sequence of interest to be introduced 
into the plant host. 

[0067] Agrobacterium-mediated transformation generally employs cointegrate 
vectors or, preferably, binary vector systems, in which the components of the Ti plasmid 
are divided between a helper vector, which resides permanently in the Agrobacterium 
host and carries the virulence genes, and a shuttle vector, which contains the gene of 
interest bounded by T-DNA sequences. A variety of binary vectors are well known in the 
art and are commercially available, for example, from Clontech (Palo Alto, Calif.). 
Methods of coculturing Agrobacterium with cultured plant cells or wounded tissue such 
as leaf tissue, root explants, hypocotyledons, stem pieces or tubers, for example, also are 
well known in the art (Glick and Thompson, supra, 1993). Wounded cells within the 
plant tissue that have been infected by Agrobacterium can develop organs de novo when 
cultured under the appropriate conditions; the resulting transgenic shoots eventually give 
rise to transgenic plants that ectopically express a nucleic acid molecule encoding an 
NHX-related gene product. Agrobacterium also can be used for transformation of whole 
seed plants as described in Bechtold et al., C.R. Acad. Sci. Paris. Life Sci. 316:1 194-1 199 
(1993), (which is incorporated herein by reference). Agrobacterium-mediated 
transformation is useful for producing a variety of transgenic seed plants (Wang et al, 
supra, 1995) including transgenic plants of the Brassicaceae family, such as rapeseed and 
flax, and transgenic plants of the Fabaceae family such as soybean, pea, lentil and bean. 

[0068] Microprojectile-mediated transformation also can be used to produce a 
transgenic seed plant that ectopically expresses an NHX-related gene product. This 
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method, first described by Klein et al. (Nature 327:70-73 (1987), which is incorporated 
herein by reference), relies on microprojectiles such as gold or tungsten that are coated 
with the desired nucleic acid molecule by precipitation with calcium chloride, spermidine 
or PEG. The microprojectile particles are accelerated at high speed into an angiosperm 
tissue using a device such as the BIOLISTIC PD-1000 (Biorad; Hercules Calif.). 

[0069] Microprojectile-mediated delivery or "particle bombardment" is especially 
useful to transform seed plants that are difficult to transform or regenerate using other 
methods. Microprojectile-mediated transformation has been used, for example, to 
generate a variety of transgenic plant species, including cotton, tobacco, corn, hybrid 
poplar and papaya (see Glick and Thompson, supra, 1993) as well as cereal crops such as 
wheat, oat, barley, sorghum and rice (Duan et al., Nature Biotech. 14:494-498 (1996); 
Shimamoto, Curr. Opin. Biotech. 5:158-162 (1994), each of which is incorporated herein 
by reference). In view of the above, the skilled artisan will recognize that 
Agrobacterium-mediated or microprojectile-mediated transformation, as disclosed herein, 
or other methods known in the art can be used to produce a transgenic seed plant of the 
invention. 

Kits 

[0070] Kits for generating a transgenic plant characterized by producing fruit of 
elevated potassium levels are provided herein. The kits of the invention include a nucleic 
acid molecule encoding an NHX-related gene product and a regulatory element. In a kit 
of the invention, the NHX-related gene product can have, for example, substantially the 
amino acid sequence of an NHX ortholog. If desired, a kit for generating a transgenic 
plant characterized by producing fruit of elevated potassium levels can include a plant 
expression vector containing a nucleic acid molecule encoding an NHX-related gene 
product operatively linked to a seed-selective regulatory element. 

[0071] Nucleic acid molecules encoding NHX-related gene products, such as those 
having substantially the amino acid sequence of an NHX ortholog, have been described 
hereinabove. A kit of the invention can contain one of a variety of nucleic acid 
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molecules encoding NHX-related gene products and any regulatory element, such as an 
element described hereinabove. 

[0072] If desired, a kit of the invention also can contain a plant expression vector. As 
used herein, the term "plant expression vector" means a self-replicating nucleic acid 
molecule that provides a means to transfer an exogenous nucleic acid molecule into a 
seed plant host cell and to express the molecule therein. Plant expression vectors 
encompass vectors suitable for Agrobacterium-mediated transformation, including binary 
and cointegrating vectors, as well as vectors for physical transformation. 

[0073] Plant expression vectors can be used for transient expression of the exogenous 
nucleic acid molecule, or can integrate and stably express the exogenous sequence. One 
skilled in the art understands that a plant expression vector can contain all the functions 
needed for transfer and expression of an exogenous nucleic acid molecule; alternatively, 
one or more functions can be supplied in trans as in a binary vector system for 
Agrobacterium-mediated transformation. 

[0074] In addition to containing a nucleic acid molecule encoding an NHX-related 
gene product operatively linked to a seed-selective regulatory element, a plant expression 
vector of the invention can contain, if desired, additional elements. A binary vector for 
Agrobacterium-mediated transformation contains one or both T-DNA border repeats and 
can also contain, for example, one or more of the following: a broad host range replicon, 
an ori T for efficient transfer from E. coli to Agrobacterium, a bacterial selectable marker 
such as ampicillin and a polylinker containing multiple cloning sites. 

[0075] A plant expression vector for physical transformation can have, if desired, a 
plant selectable marker and can be based on a vector such as pBR322, pUC, pGEM and 
M13, which are commercially available, for example, from Pharmacia (Piscataway, N.J.) 
or Promega (Madison, Wis.). In plant expression vectors for physical transformation of a 
seed plant, the T-DNA borders or the ori T region can optionally be included but provide 
no advantage. 
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[0076] The invention also provides a method of generating a non-naturally occurring 
plant that is characterized by producing fruit or vegetables of increased potassium levels. 
The method includes the step of ectopically expressing a nucleic acid molecule encoding 
an NHX- family gene product in the plant, whereby fruit potassium levels are increased 
due to ectopic expression of the nucleic acid molecule. In one embodiment, the method 
includes the step of introducing an exogenous nucleic acid molecule encoding an NHX- 
family gene product into the plant. 

[0077] Examples of a non-naturally occurring seed plant of the invention 
characterized by producing fruit of increased potassium levels include vegetables such as 
tomatoes, citrus trees, such as orange trees, grapefruit trees, lemon trees and lime trees. 
A non-naturally occurring plant of the invention characterized by producing fruit of 
increased potassium level also can be a plant that bears, for example, grapes, apples, 
pears, peaches, plums, cherries, bananas, blackberries, blueberries, raspberries, 
strawberries, pineapples, dates, avocados, olives, tomatoes, cucumbers or eggplants, such 
fruits having an increased potassium level as compared to the fruit produced by the 
corresponding wild type plant. 

[0078] The invention will be better understood by reference to the following non- 
limiting example. 
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EXAMPLE 



Experimental Protocol 

Plant Material and transgenic plants. 

[0079] Lycopersicon esculentum (cv Moneymaker) seeds were germinated on 
Murashige and Skoog medium (MS). Cotyledon explants were excised from 7 day-old 
seedlings, cut in half and cultured overnight on a one day-old feeder layer consisting of 3 
ml of a 7 day-old sugar beet suspension culture plated and overlaid with a sterile 
Whatman filter paper. The binary Ti vector pBI121 was used for transformation. The 
GUS gene26 of the binary vector was replaced with the AtNHXl gene to gain the new 
expression construct pHZXl. pHZXl was electroporated into Agrobacterium 
tumefaciens strain LBA4404. For co-cultivation, 1 ml of pHZXl containing 
Agrobacterium were inoculated into 15 ml LB medium containing 50 mg/1 kanamycin, 
50 mg/1 rifampicin and 200 |aM acetone-syringone. After two days of co-cultivation with 
Agrobacterium, the explants were transferred to selective regeneration medium 27. 
Regenerated shoots were transferred to fresh medium bi-weekly. When the green shoots 
were 1-2 cm tall, they were separated from the calli and transferred onto rooting medium 
containing modified MS salts27. About 98% shoots can form roots in two weeks. 
Rooted shoots were transplanted to soil and plants regenerated. Tl seeds were grown on 
plates containing MS medium and 100 mg/1 kanamycin and homozygous seeds selected. 

[0080] For salt tolerance experiments, wild type and two independent lines (T2) of 
transgenic plants were grown hydroponically. Seeds were germinated in agar plates 
containing MS medium under continuous light at 25 °C. Two weeks after germination, 
sixty of each wild-type and transgenic seedlings were transferred to six hydroponic tanks, 
containing 20 seedlings each tank, and grown in the greenhouse. Day temperature was 
maintained at 26 ± 2 °C and night temperature was 22 ± 2 °C Relative humidity was 
maintained at 50 ±10%. Plants were grown under a 14 h/10 h light/dark photoperiod. 
Supplemental lighting consisted of eight high-pressure sodium lamps, and resulted in a 
total (sunlight and supplemental light) of approximately 1,250 jimol/m2s. The nutrient 
solution was obtained by mixing 1.2 g per liter of stock fertilizer (tomato fertilizer, Plant- 
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Prod, Brampton, Ontario) and lg per liter of CaN03. The final nutrient solution 
contained (in mg/1) 200 N, 54 P, 256 K, 147 Ca, 42 Mg, micronutrients and was 
supplemented with 5 mM or 200 mM NaCl. The nutrient solution was replaced every 6 
days and the roots were kept under constant aeration. 

Membrane isolation and Western blots. 

[0081] Membrane fractions were isolated from shoots of 4-week-old plants or tomato 
fruits from mature plants as described 5. Western blots of the different membrane 
fractions were performed as described4. 

Transport assays. 

[0082] The cation/H+ exchange activity was measured by following the pH 
dependent fluorescence quenching of acridine orangeS. An acidic-inside pH gradient 
across the tonoplast vesicles was obtained by activation of the vacuolar H+-PPiase. 
Twenty jag of tonoplast vesicles were added to 0.8 ml buffer containing 0.25 M Mannitol, 
5 mM Tris/MES (pH 8.0), 2 mM dithiotreitol, 25 mM KC1, 0.8 mM Tris-PPi and 5 ^iM 
acridine orange. Proton translocation was initiated by the addition of 1 mM Mg2+ and 
the change in fluorescence was monitored as described5. When a steady-state pH 
gradient (acidic inside) was formed, PPi-dependent H+-transport activity was stopped by 
the addition of AMDP and the changes in rate of fluorescence recovery were determined 
in the presence and absence of 50 mM NaCl. 

Leaf and fruit chemical analysis. 

[0083] Chemical analysis from 3-month old plants was performed. Fully-expanded 
mature leaves from the six most lower basal nodes (old leaves), developing leaves from 
the six most upper apical nodes (young leaves), roots and fruits were collected and dried 
at 70°C for 24 h and the material ground to a find powder. Tomatoes were collected at 
the mature green/red ripe stage and were allowed one week of further maturation at the 
bench at room temperature (22 °C) before analysis. For the determination of soluble 
sugars, 100 mg of each sample was resuspended in 2 ml of water, sonicated and 
centrifuged for 10 min at 2,500 xg. Soluble sugar and proline contents were determined 
in the supernatant as described. Ion contents were determined by atomic absorption 
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spectrophotometry and chloride content by titration. Water content was calculated as 
(FW-DW)/FW, where FW and DW are the fresh and dry weight, respectively. Dry 
weight was obtained by placing the material at 70 °C until a constant weight was 
obtained. For the determination of soluble solid contents, the tomatoes were strained 
through a 20 jam mesh and Brix readings of the juice were obtained by refractrometry. 
Brix readings (oBrix) represent the concentrations of soluble solids as a percentage of 
total fresh weight. 

Results and Discussion 

[0084] A construct containing the Arabidopsis thaliana AtNHXl , coding for a 
vacuolar Na+/H+ antiport, was introduced into the genome of Lycopersicon esculentum 
cv Moneymaker. Forty-seven transgenic plants were obtained and six homozygous lines 
from these transgenic plants were obtained in the T2 generation (data not shown). Two 
of these homozygous lines were used in our experiments. These two lines were chosen 
because they grew more vigorously in high salinity. The overexpression of the vacuolar 
Na+/H+ antiport did not affect the growth of the transgenic plants (only one line of 
transgenic plants is shown) since similar growth was observed when the wild-type and 
the transgenic plants were grown in the presence of 5 mM NaCl (Figs 1 A,B). 
Immunoblots of membrane fractions isolated from wild-type and transgenic plants only 
detected AtNHXl in the tonoplast-enriched fractions from transgenic plants (Fig 1C), 
indicating the proper targeting of the Na+/H+ antiport to the vacuoles. In order to assess 
whether the enhanced expression of the vacuolar Na+/H+ antiport would allow plants to 
grow in high salt conditions, wild-type and transgenic plants were grown in the presence 
of 200 mM NaCl, a concentration that inhibits the growth of almost all crop plants. The 
growth of the wild-type plants was severely affected by the presence of 200 mM NaCl in 
the growth solution, plant growth was inhibited, most of the plants died or were severely 
stunted (Fig. ID). On the other hand, the transgenic plants grew, flowered and produced 
fruit (Fig IE). 

[0085] To confirm that the presence of the Na+/H+ antiport protein resulted in 
increased Na+/H+ exchange, we monitored H+-dependent Na+ movements in tonoplast 
vesicles isolated from leaves. The vesicular lumen was acidified by the activation of the 
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vacuolar H+-PPIase in the presence of K+ ions, since the H+-PPIase activity is K+ 
dependent7. Once the pH gradient was established, the H+-pump activity was stopped by 
the addition of AMDP (amino-methylene-diphosphonate)8, NaCl was added and the rates 
of Na+/H+ exchange measured (Fig. 2 A). Tonoplast vesicles isolated from transgenic 
plants displayed Na+/H+ exchange rates 7-fold higher than those from vesicles isolated 
from wild-type plants. Interestingly, K+/H+ exchange was also observed in the tonoplast 
vesicles after the addition of AMDP, in the absence of external Na+, (Fig. 2B) and the 
rates of K+/H+ exchange were significantly higher in vesicles isolated from the 
transgenic plants. These results indicate that the vacuolar Na+/H+ antiport was also able 
to mediate K+/H+ exchange, albeit with a lower specificity for K+ than for Na+. K+ ions 
are involved in a wide number of physiological processes and vacuolar pools generate the 
turgor needed to drive cell expansion^). Under K+ deficient growth conditions, vacuolar 
K+ concentrations decline while the cytosolic K+ concentrations remain relatively 
constant 10. Cytosolic K+ concentrations decline only when the vacuolar K+ 
concentrations decrease to values around 20 mMl 1 . The decrease in cytosolic K+ 
concentrations with the concomitant increase in cytosolic Na+/K+ ratio is the basis of 
cytosolic Na+ toxicity 12. Given the cytosol-negative electrical potential difference at the 
tonoplast, an active K+ translocation mechanism into the vacuole has to be considered. 
Evidence of a K+/H+ antiport was found in tonoplast-enriched fractions from different 
plants6. Although the Arabidopsis sequencing project is completed, only putative K+/H+ 
antiports with similarity to the glutathione-regulated potassium-efflux system of E. colil3 
have been sequenced (Accession numbers AAF78418, AAD10158, CCAB80872). 
Although their putative function has not yet been characterized in plants, in bacteria and 
yeast these transporters function as plasma membrane-bound potassium exchangersl3,14. 
Although the role of vacuolar Na+/H+ antiports in glycophytes has yet to be established, 
its ubiquity in plants (Blumwald, in preparation) and its ability to mediate K+ transport 
would suggest that the vacuolar Na+/H+ antiport could also play a role in cellular K+ 
homeostasis. 

[0086] We determined the ion, sugar, and proline contents of wild-type and 
transgenic plants grown at low (5 mM) NaCl and two independent transgenic lines grown 
at high (200 mM) NaCl (Fig. 3). It should be noted that a comparison with wild-type 
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plants grown at high salinity was not possible since all of the wild-type plants grown in 
these conditions were dead. At low salinity, no significant differences were seen in the 
content of Na+ (Fig. 3 A), K+(Fig. 3B), CI- (Fig. 3C) soluble sugars (Fig. 3D) or proline 
(Fig. 3D) of all tissues. Dramatic changes were seen in transgenic plants grown at high 
salinity. A 28- and 20-fold increase in Na+ content was seen in fully developed mature 
(old) and developing (young) leaves, respectively (Fig. 3A), and a similar increase in Cl- 
content was also observed (Fig. 3C). The K+ content of old leaves, young leaves and 
roots decreased a 5-, 2- and 4-fold, respectively (Fig. 3B). While no significant 
difference in soluble sugars was observed during growth in high salinity (Fig. 3D), a 3- 
and 5-fold increase in proline content was seen in leaves and fruits, respectively (Fig. 
3E). The accumulation of proline in response to high salinity is well documented. Many 
prokaryotic and eukaryotic organisms accumulate proline during osmotic and salt 
stressl5,16. Proline contributes to osmotic adjustmentl7, the protection of 
macromolecules during dehydration 18, and as a hydroxyl radical scavenger 19. 
Evidence supporting the role of proline during salt stress was obtained based on salt 
tolerance in transgenic tobacco plants with enhanced levels of proline biosynthesis20 and 
salt tolerance of Arabidopsis with suppressed levels of proline degradation21. 

[0087] Taken together, our results demonstrate the ability of the transgenic plants to 
utilize salty water for growth. In spite of the high Na+ and CI- content in the leaves of 
the transgenic plants grown at 200 mM NaCl, only a marginal increase in the Na+ and 
CI- content of the fruits was observed. The K+ content of the leaves from transgenic 
plants grown in salt decreased while the K+ content of the transgenic fruits was higher 
than the K+ content of the fruits from plants grown at low salinity. These results clearly 
demonstrate that the enhanced accumulation of Na+, mediated by the vacuolar Na+/H+ 
antiport, allowed the transgenic plants to ameliorate the toxic effects of Na+ and the 
transgenic plants overcame salt-induced impaired nutrient acquisition?. Notably, 
transgenic plants grown in the presence of 200 mM NaCl produced fruits (Figs. 4A,B and 
Table 1). While the transgenic leaves accumulated Na+ to almost 1% of their dry weight, 
the fruits displayed only a marginal increase in Na+ content and a 25% increase in K+ 
content. The number of fruits per plant was similar, and although the fruits from the 
transgenic plants grown in 200 mM NaCl were somewhat smaller, no significant 
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difference was observed in their water content or total soluble solids content (Table 1). 
The low Na+ content of the transgenic fruits cannot be due to the lack of vacuolar 
Na+/H+ antiport since the protein was present in the fruit tissue (Fig. 4C). It has been 
demonstrated that in expanding fruit of many plant species, including tomato, more than 
90% of the water transported into the fruit occurs through the phloem22,23,24. Thus the 
ability to maintain a high cytosolic K+/Na+ concentration ratio along the symplastic 
pathway was most probably responsible for the low Na+ content of the fruits. 

[0088] Worldwide, more than 60 million hectares of irrigated land (representing 25% 
of the total irrigated acreage in the world) have been damaged by salt25. Our findings 
suggests the feasibility of producing salt tolerant transgenic plants that will produce 
edible crops. 
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Table I. Plant and fruit yield of wild-type (WT) tomato plants grown in the presence of 5 
mM NaCl and T2 transgenic plants overexpressing AtNHXl (OEX1) grown in the 
presence of 5 mM and 200 mM NaCl. Plants were harvested 12 weeks after germination. 
Each value is the Mean ± SD (n = 10 individual plants). 



WT 



OEX1 



(5 mM NaCn 



(5 mM NaCl) 



(200mMNaCn 



Height (cm) 



124.0+8.2 



Fresh Weight (g) 1,270+103 
(without fruit) 

Fruit per plant 17.2±1.3 

Fruit weight (g) 1 1 9.5+1 3.4 

Fruit water 90.8±3.2 
content(%) 

Solid solute 4.2+0.6 
content (°Brix) 



128.8+9.5 
1,329+110 



17.8+.6 



116.7+9.0 



90.2+2.2 



4.4+0.7 



107.6+5.2 
1,123+134 



18.4+1.5 



105.7+6.7 
90.7+2.3 

4.2+0.5 
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